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ABSTRACT: The  major coat protein of M13 bacteriophage has been incorporated into bilayers of 1,2-di- 
myristoyl-sn-glycero-3-phosphocholine, deuterated in the trimethyl segments of the choline headgroup 
(DMPC-d,). Two-component deuterium and phosphorus-3 1 NMR spectra have been observed from bilayer 
complexes containing the coat protein, indicating slow exchange (on the deuterium quadrupole anisotropy 
and phosphorus-3 1 chemical shift averaging time scales) of lipid molecules of < lo3  H z  between two motionally 
distinct environments in the complexes. The fraction of the isotropic spectral component increases with 
increasing M 13 protein concentration, and this component is attributed to lipid headgroups, which are  
disordered relative to their order in protein-free bilayers. The activation energy of the fast local motions 
of the trimethyl groups of the choline residue in the headgroup decreases from 23 kJ mol-' in the pure lipid 
bilayers to 20 kJ  mol-' for the protein-associated lipid headgroups. The  chemical exchange rate of lipid 
molecules between the two motionally distinct environments has been estimated to be 20-50 Hz  by steady-state 
line-shape simulations of the deuterium spectra of DMPC-d9/M13 coat protein complexes using ex- 
change-coupled modified Bloch equations. The off-rate was, as expected from one-to-one exchange, in- 
dependent of the L / P  ratio; 7,,ff1 = 0.23 kHz. It is suggested that the protein-associated lipid may be trapped 
between closely packed parallel aggregates of M13 coat protein and that the high local concentration of 
protein in a one-dimensional arrangement in lipid bilayers may be required for the fast reassembly of phage 
particles before release from an  infected cell. 

x e  bacteriophage M 13 consists of a circular single-stranded 
DNA molecule covered by a coat protein (MW = 5240) 
(Chamberlain et ai., 1978; Beck et al., 1978; Van Wezenbeek 
et al., 1980). The bacteriophage M13 enters the Escherichia 
coli cell via a sex pilus, and during the infection period parental 
and newly synthesized coat protein are stored as an integral 
protein in the cytoplasmic cell membrane (Marvin & Wachtel, 
1975; Wickner, 1976). The virus particle assembly is mem- 
brane associated. A pro-coat protein is produced by the in- 
fected host cell which is converted into the mature coat protein 
by a leader peptidase (Kuhn et a]., 1986). After reassembly 
the new bacteriophage M 13 leaves the cell without lysis of the 
host cell. The coat protein undergoes a significant confor- 
mational change in the disassembly and reassembly processes 
of the phage particles (Nozaki et al., 1976). The secondary 
structure in the intact virus particle is 100% a-helical, although 
during storage in the cell membrane it has a predominantly 
/?-sheet structure (Marvin et al., 1974, 1975). M13 coat 
protein is an amphomorphic membrane protein whose sec- 
ondary structure within the membrane depends on the L/P 
ratio' as well as the chemical nature of the lipid acyl chain 
and the polar headgroups (Chamberlain et al., 1978; Fodor 
et al., 198 I ;  Makino et al., 1975; Cavalieri et al., 1976; Spruijt 
et al., 1989). 

This work was supported by the Commission of the European Com- 
munities (ST-2J-0088 to A.W. and M.A.H.) and SERC (GR/D/22889 
and GR/D/02218 to A.W.). 

* Author to whom correspondence should be addressed. 
'University of Oxford. 

Biological Research Centre of Hungarian Academy of Sciences. 
Agricultural University. 
Friedrich-Schiller University Jena. 

High-resolution multinuclear NMR spectroscopy has been 
performed on dimers of coat protein of bacteriophage M 13 
and related phages (fl and fd) in SDS micelles and sonicated 
phospholipid vesicles. This gives detailed information about 
secondary structure and mobility of M13 coat protein dimers 
(Cross & Opella, 1980; Henry et al., 1986a,b; Leo et al., 1987; 
Bogusky et al., 1987). Deuterium NMR spectroscopy, using 
chain-deuterated palmitic acid, shows motional restriction of 
the palmitic acyl chains by the M13 coat protein in 
DMPC/palmitic acid/Ml3 coat protein complexes (Datema 
et al., 1988a). Deuterium NMR spectroscopy of amino- 
deuterated M13 coat protein in bilayers indicates that the 
protein is aggregated (Datema et al., 1988b), which is sup- 
ported by fluorescence spectroscopy (Datema et al., 1987a). 
ESR experiments of DMPC/Ml3  coat protein complexes 
(Datema et al., 1987b) show a greater affinity of the M13 coat 
protein for negatively charged phospholipids. 

In this work, the perturbation of the membrane surface by 
the coat protein has been investigated, as in other systems 
(Watts, 1987), by deuterium NMR methods. M13 coat 
protein has been incorporated at a range of lipid/protein ratios, 
into bilayers of DMPC deuterated in the trimethyl segments 

' Abbreviations: ESR, electron spin resonance; NMR, nuclear mag- 
netic resonance; CD, circular dichroism; HPLC, high-performance liquid 
chromatography; TLC, thin-layer chromatography; SDS, sodium dodecyl 
sulfate; EDTA, ethylenediaminetetraacetic acid; Tris-HCI, tris(hydrox- 
ymethy1)aminomethane hydrochloride; L/P ratio, DMPC-d, to MI 3 coat 
protein molar ratio; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; 
DMPE, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; 14-PCSL, 
1 -acyl-2-[ 13-(2-butyl-4,4-dimethyl-3-oxy-2-oxazolidinyl)tridecanoyl]- 
sn-glycero-3-phosphocholine; CSA, chemical shift anisotropy. 
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of the choline headgroup a t  a range of L/P ratios, and the 
perturbation of the labeled lipid segments studied. 

MATERIALS A N D  METHODS 
Phospholipid Synthesis .  The phospholipid, 1,2-di- 

myristoyl-sn-glycero-3-phosphocholine (DMPC), was specif- 
ically deuterated in the trimethyl groups of the choline moiety 
by methylation of DMPE with deuterated methyl iodide, as 
described by Eibl (1980). This DMPC-dg was purified by 
HPLC on a LiChroprep Si 60 column that was eluted with 
a chlorform/methanol/ammonia solvent system of successively 
increasing polarity and then by crystallization from acetone 
a t  -20 "C. After purification, the lipid appeared as one spot 
on high-performance silica T L C  (solvent: CHCI3/MeOH/ 
NH,OH, 65:30:3) and was stored a t  -20 O C  until required. 

Protein Purification. Bacteriophage M 13 was grown and 
isolated as described earlier (Garsen et al., 1977). The major 
coat protein was isolated from the phage according to Knippers 
and Hoffmann-Berling (1966). 

Protein Reconstitution (Datema et al. ,  1988a). Required 
amounts of DMPC-d9 together with M I 3  coat protein were 
dissolved in 8.0 M urea/5.0 mM Tris-HC1/0.1 m M  EDTA/20 
mM ammonium sulfate/2% (w/w) sodium cholate buffer (pH 
8.0) by vortexing and heating to 55 "C until a clear solution 
was obtained. Solubilization was monitored visually, and no 
precipitate of unincorporated water-insoluble coat protein was 
observed. After solubilization, the suspension was dialyzed 
a t  25 "C against a 100-fold excess of I O  mM Tris-HCI/O.2 
mM EDTA/IO% (v/v) methanol buffer (pH 8.0) for a total 
of 120 h with changes at 24,48, 72, and 96 h. In the last two 
steps methanol was omitted from the dialysis buffer. After 
dialysis the residual solvent was removed by freeze-drying. The 
solid mixture of lipid and MI 3 coat protein was resuspended 
in deuterium-depleted water a t  a ratio of 1:2 (w/w). The 
samples were found to be homogeneous in L/P  ratio as de- 
termined by sucrose density gradient. Aliquots were taken 
to determine the protein (Markwell et al., 1981) and phos- 
phatidylcholine content (Rouser et al., 1970) to give the L / P  
ratios of the samples. Thin-layer chromatography revealed 
no evidence for lipid decomposition after NMR measurements. 

N M R  Mensurements. N M R  spectra were recorded on a 
home-built 360-MHz (Ho = 8.4 T)  spectrometer equipped with 
a Nicole1 pulse programmer at 55.3 MHz (2H nucleus) and 
145.7 MHz (31P nucleus). Deuterium spin-lattice relaxation 
times ( Tlz) were measured by a standard inversion-recovery 
experiment ( 1 80°,-~-900,-acquisition pulse sequence). The 
deuterium spin-spin relaxation times ( Tz,) were measured at 
46.1 MHz on a Bruker CXP-300 spectrometer ( H o  = 7.0 T)  
with quadrupole-echo pulse sequences (90°,--7-900y-~-ac- 
quisition). The quadrupole echo experiments were performed 
on-resonance, and all signal intensity was phased in the real 
channel. T I ,  and T,, were determined by a least-squares fit 
of the spectral intensities and spin-echo amplitude, respectively. 
31P N M R  spectra were recorded without broad-band proton 
decoupling. The N MR spectrometers were equipped with a 
nitrogen gas flow variable-temperature unit. The temperature 
was measured to an accuracy of f0.5 deg. 

The instrumental parameters for 2H NMR measurements 
were (H, = 8.4 T) spectral width = 20000 Hz, time domain 
= I K ,  size = 4K, initial delay = 25 ps, number of scans = 
1000, pulse width = 12 ps (90" pulse), and relaxation delay 
= 250 ms. 

The instrumental parameters for T2, experiments were ( H o  
= 7.0 T )  spcctral width = 250000 Hz, time domain = 4K, 
size = 4K, pulse width = 5 ps (90" pulse), relaxation delay 
= 250 nis, and dwell time = 2 ps. 
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For phosphorus-3 1 N M R  measurements, the instrumental 
settings were spectral width = 20 000 Hz, time domain = 1 K, 
size = 4K, initial delay = 25 ps, number of scans = IOOOO, 
pulse width = 16 ps (90" pulse), relaxation delay = 8 s, and 
no broad-band proton decoupling. 

Electron Microscopy. The samples were frozen rapidly ( IOs  
K S-I) according to the sandwich technique with liquid propane 
(Sternberg et al., 1989) from temperatures well above the gel 
to liquid-crystalline phase transition temperatures of DMPC, 
23.5 "C. The samples were fractured and shadowed in a 
Balzers BAF-400D freeze-fracture device a t  -1 50 O C .  The 
replicas were examined in a Tesla BS-500 electron microscope. 

Deuterium N M R  Simulation of Two-Site Exchange. 
Motional effects in deuterium N M R  spectra can be treated 
by addition of the rate equations of the spin magnetization 
between different motional environments (Davoust & Devaux, 
1982) and orientations, according to the B l a h  equations. The 
rate equations for the transfer of spin magnetization for a 
two-site model are given by the exchange-coupled Bloch 
equations (McConnell, 1958): 

dMfast/dt = Toff 'Mslow - ToL'Mfast 

dMs~ow/dt = -ToK'Mslow + Ton-' Mfast 

( l a )  

( l b )  
where Mfast is the spin magnetization for fluid lipids and a 
certain fraction of the solvation lipids a t  the protein interface 
which are in fast exchange with the fluid lipid pool and Mslow 
is the spin magnetization for another fraction of lipids asso- 
ciated with the protein which exchange slowly with the other 
lipid pools. The probabilities per unit time of transfer of lipids 
between these two environments are Toffl  and ~ ~ [ l .  The 
equations assume rapid mixing of the lipids within each lipid 
pool by lateral diffusion. At exchange equilibrium, dMfast = 
dMslow = 0, and hence, the ratio of the transfer rates is related 
to the steady-state populations of the two lipid environments: 

~ o f f ' / ~ o n - I  =f/(l -1) (2) 
where 1 - f is the fraction of lipids a t  the protein interface in 
slow exchange with the fluid lipid pool. 

The steady-state exchange-coupled Bloch equations can be 
given in terms of complex magnetizations as 

[rfast + 7on-I - i (w  - ~fast)IMfast - T o f F I M s l o w  = iYBiMaf 
(3a) 

[ r s ~ o w  + 7off-l - i ( ~  - ws~ow)IMs~ow - ~on-lMfast = 
iyBiMo(l  -A  (3b) 

where the line-width parameters rfast and rslow are derived from 
the respective transverse relaxation times and an allowance 
was made for inhomogeneous line broadening [r = 1 /(aT2,) 
+ I?,]. The terms wfast and wslOw are the angular resonance 
frequencies for the fluid pool and protein-associated deuterated 
lipids in slow exchange with the fluid lipid pool, respectively. 
Mo is the total spin magnetization of the system (Mfast + 
MsIow), B, is the magnetic field strength, and y is the gyro- 
magnetic ratio. The imaginary part of the total spin 
magnetization gives the line shape as the N M R  spectrum is 
collected about w. 

Strictly speaking, the above equations give the steady-state 
line shapes in the frequency domain. The imaginary part of 
the total spin magnetization yields a line-shape formula, and 
line-broadening effects can provide a way to estimate the 
transfer rate. A complete description of the pulse experiments 
including the effects of pulse delay times ( 2 ~ )  requires the 
solution of the time-dependent Bloch equations (Woessner, 
1961). This method is particularly powerful as the exchange 
rate becomes comparable with the frequency separation of the 
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FIGURE I :  Quadrupole echo deuterium NMR spectra of DMPC- 
d9/M13 coat protein complexes (-) and simulations (---) at 35 O C :  

(a) pure lipid; (b) L/P = 401 (mol/mol); (c) L/P = 251:  (d) L/P 
= 1 2 1 .  

two motionally distinct environments. 
To  simulate the entire line shape for an anisotropic spec- 

trum. a summation must be made over all angular orientations 
O of the deuterium director axis relative to the magnetic field 
( B J .  In  the slow-exchange regime, both the correlated and 
the uncorrelated jump models for reorientation of the director 
axis during the exchange event yield very similar spectra 
(Davoust & Devaux, 1982). whereas in the fast-exchange limit 
the uncorrelated jump model yields quasi-isotropic spectra and 
the correlated jump model gives anisotropic line shapes. In 
the NMR line-shape simulations the uncorrelated jump model 
is most appropriate. and each Lorentzian line shape, Lras,(Oj), 
in the fast-exchanging component is exchanged with a sum 
of weighted Lorentzians, ~jp(Oj)L,as,(Oj), in the slow-exchange 
component. the weighing factor being p(O) = sin 0 do. Sim- 
ulations over an isotropic distribution of 0; will therefore give 
the experimentally observed line shape. 

For simulations of deuterium NMR spherically averaged 
powder patterns. the parameters needed are the deuterium 
quadrupolar splitting Avq and the line-width parameter for both 
spectral components (assuming axial symmetry). In addition, 
the contributions to the two-component spectrum of each 
spectral component,fand 1 -f. and the exchange frequency, 
T ~ ~ . ' ,  are required, where 

(4) 

The best fit of the multiparameter optimalization was ob- 
tained in two stages. First. the deuterium NMR spectrum for 
labeled phospholipids in protein-free bilayers was fitted to a 
single-component simulated line shape in order to determine 
AuS~.., and the best matching line-width parameter, rran For 
the protein-associated spectral component an isotropic quad- 
rupole splitting (0 Hz) and a line-width parameter, derived 
by extrapolation of the T,, relaxation times in the lipidfprotein 
titration, were used. The line-width parameters, r, are re- 
quired to match the experimentally determined spin-spin re- 
laxation times. In the second stage of the simulation. only the 
population factor of both lipid environments and the exchange 
rate was optimized, which was achieved by quadratic mini- 
mization of the error function. 

= rom-l(l -A = T~;Y  
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FIGLKI.' 2: 1reoc-fr;icture clcctrr)n niicrogriiph of IIMPC/M I 3  coat 
protein coniplex with L/I 'ratiouf 1 2 1 ;  b;ir reprcscnts 500 n m .  Over 
95% of the lipid has bcen incorporated in vcsiclcs wi th  diameters 
ranging from 400 n m  to 1.0 pm. 

RESULTS 
Deuterium N M R  Spectra. Deuterium NMR spectra of 

DMPC-d9fM13 coat protein complexes with L fP  ratios of 
12: I ,  25: I ,  and 401 and protein-free bilayers are shown in 
Figure 1. All the spectra were recorded at 35 OC, well above 
the gel lo liquid-crystalline phase transition temperature, so 
motionally averaged, axially symmetric spectra of narrow 
quadrupolar splittings were observed (Figure la). Introducing 
MI3 coat protein to the lipid system gives rise to a second, 
well-defined isotropic 2H N M R  spectral component. The 
isotropic 'H NMR spectral component increases with in- 
creasing protein concentration and is very similar in shape at 
all protein concentrations. Thus the isotropic, second spectral 
component is assumed to arise from labeled DMPC molecules 
interacting with the M I 3  coat protein. The spectrum from 
the protein-associated lipid showed no well-resolved quadrupole 
splitting, which is conventionally determined from the 90° 
orientation contribution to the spherically averaged powder 
pattern as shown in the upper spectrum in Figure I (Seelig 
& Seelig, 1980). This indicates that the deuterated choline 
methyl groups may be disordered or have an altered confor- 
mation in the presence of M I 3  coat protein. 

The collapse of spectral anisotropy for protein-associated 
lipids is not caused by motional averaging due to vesicle ro- 
tation, since the vesicles produced have large diameters ranging 
from 0.4 to 1 .O Fm ( L I P  = 12: I ,  Figure 2) and rotate too 
slowly in the highly viscous samples to average the deuterium 
quadrupole splittings (Stockton et al., 1976: Burnell et al., 
1980). In addition, the protein is mixed uniformly throughout 
individual bilayers, since the proteinflipid complexes are ho- 
mogeneous as determined by sucrose density gradient cen- 
trifugation. 

Some spectral changes in the spherically averaged powder 
patterns were observed on addition of the protein to DMPC-d9 
bilayers (Figure I ) .  The quadrupole splitting of the axially 
symmetric powder pattern decreases from I180 to I120 Hz 
(Figure la-c) on addition of up lo 2 5 1  molfmol M I 3  coat 
protein to DMPC vesicles; any further change at higher protein 
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Table I: Spin-Spin Relaxation Times, Proportion of Isotropic 
Component, and Exchange Rate of Lipids between the Trapped Site 
and the Fluid Lipid Pool of DMPC-d9/M13 Coat Protein Complexes 
with Varying L/P Ratios at 35 OC" 

0 . 5  
0 3 7 

Total interpulse delay (nis) 

FIGURE 3: Decay of the spin-echo intensity with interpulse delay times 
(27) for pure lipid vesicles (0) and complexes with 5:l mol/mol M13 
coat protein (0). The spin-echo decays are fitted to a single exponential 
to determine the spin-spin relaxation times. 

concentration is difficult to quantitate because of the over- 
lapping central isotropic component. The effective line widths 
of both components increase with increasing protein content. 
The half-width of the axially symmetric spectrum was 88 Hz 
in the case of DMPC vesicles, which increased to -200 Hz 
in the presence of 25:l mol/mol M I 3  coat protein (Figure IC). 
The central isotropic component displays a non-Lorentzian line 
shape, and so its half-width cannot be measured directly even 
at the highest protein content (Figure Id). Essentially similar 
spectral changes were observed at higher temperatures in the 
range 35-50 "C (spectra not shown). 

Spin-Lattice Relaxation Times. Spin-lattice ( Tlz )  relax- 
ation time measurements give information about the fast local 
motions (7, - s) of the deuterated segment of the 
phospholipid headgroup in bilayers. In protein-free bilayers 
of DMPC-d9, the T, ,  relaxation time increases from 44 ms 
a t  30 OC to 76 ms a t  50 OC. The increase in TI, relaxation 
time with temperature indicates that the local motions are in 
the fast correlation time limit (Abragam, 1961). The acti- 
vation energy for the rotation of the CD, groups of the choline 
headgroup about their symmetry axis was measured to be 23 
kJ mol-] from 30 to 50 "C. The T I ,  relaxation time of the 
central component, determined on the samples with high 
protein concentration (L/P = 12:l and 5:1), is rather similar 
to that of the pure lipid system. The T I ,  relaxation time 
increases from 50 ms a t  30 "C to 78 ms a t  50 "C, giving an 
activation energy of the methyl group rotation in the presence 
of M I 3  coat protein of 20 kJ mol-] over this temperature 
range, this being approximately 20% lower than that for 
protein-free bilayers. The M13 coat protein does, therefore, 
not significantly reduce the rapid molecular motions of the 
bilayer surface, which is in agreement with the earlier results 
on other lipid/protein systems [for a review, see Bloom and 
Smith ( 1  985)]. 

Spin-Spin Relaxation Times. The decay of the quadrupole 
echo (T2e)  rather sensitively reflects any slow motional mod- 
ulation due to lipid/protein interactions. Typical decay curves 
for pure DMPC vesicles and a DMPC/M13 coat protein 
complex of 5:l mol/mol are shown in Figure 3, and the 
transverse relaxation times of protein/lipid complexes with 
various L/P ratios are shown in Table I. Clearly, the sin- 
gle-exponential decay of pure DMPC vesicles ( T2, = 2.7 ms) 
becomes more complex in the presence of the protein, although 
no separate components corresponding to fluid and protein- 
associated lipids could be resolved due to the spectral effects 
of intermediate exchange (for discussion, see below). With 
increasing protein content the effective decay time, determined 
by a single-exponential curve fit, increased linearly, and the 
approximate value of the protein-associated lipids was esti- 

L/P ratio T,, (ms) 7c[I (Hz) 1 -f (Hz) 
5: 1 6.10 125 0.51 245 

12:l 4.20 70 0.33 215 
25: 1 2.90 25 0.1 1 235 
40: 1 2.75 15 0.07 215 
protein free 2.70 

"The estimated errors are 0.2 ms (T2,), 0.02 ( 1  -A ,  and 50 Hz 
(7off-I) .  

FIGURE 4: Phosphorus-3 1 spectra of DMPC-d9/M13 coat protein 
complexes at 30 O C :  (a) pure lipid; (b) L/P = 40:l (mol/mol); (c) 
L/P = 25:l; (d) L/P = 12:l .  No proton decoupling. 

mated by extrapolation using the lipid/protein titration to be 
T2e - 9 ms (L/P = 0 mol/mol). 

Phosphorus-31 NMR.  Phosphorus-3 1 N M R  experiments 
on the DMPC-d9/M13 coat protein complexes indicate that 
the lipids are arranged in bilayers (De Kruijff et al., 1985). 
The phosphorus-3 1 spectra for D M P C / M l 3  coat protein 
complexes with L /P  ratios of 12: 1,25: 1, and 40: 1 and for pure 
DMPC bilayers a t  30 OC are shown in Figure 4. Phospho- 
rus-31 N M R  spectra of protein-free bilayers of DMPC show 
a CSA of -45 ppm. In the presence of M13 coat protein, a 
second spectral component is observed, which is well displayed 
in the complex with a L /P  ratio of 12:l. The intensity of the 
second phosphorus-3 1 N M R  spectral component increases with 
protein concentration and has a CSA value of less than -20 
ppm, but was not quantitated. 

2H N M R  Spectral Simulations. The decreasing quadrupole 
splitting and the accompanying line-broadening effects in 
DMPC/M13 coat protein complexes can be accounted for only 
by two-site chemical exchange between the fluid and pro- 
tein-associated lipid phases with different quadrupole splittings. 
Following Kang et al. (1979) an estimate can be given for the 
exchange rate from the decrease in the quadrupole splitting, 
and T ~ ; '  - lo2 Hz is obtained. This rate corresponds to slow 
exchange on the deuterium N M R  time scale and is, hence, 
expected to produce partial averaging of the two components 
in agreement with the spectral effects seen in Figure 1. Slow 
exchange can also explain the apparent counter behavior be- 
tween the observed line broadening and the increasing spin- 
spin relaxation times. 
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I n  the spectral simulations a central isotropic component 
was attributed to the protein-associated lipids; Oldfield and 
his co-workers made the same assumption on the basis of the 
NMR spectra recorded in the L, phase in the DMPC/cyto- 
chrome c oxidase system (Kang et al., 1979). The line width 
of this component was estimated by extrapolating the T2, 
values to L/P  = 0, and an effective half-width of 30 Hz was 
obtained; no spread in quadrupole splitting was assumed. The 
axially symmetric powder pattern of Avq = 1173 Hz was 
essentially the same as that observed for pure DMPC, and so 
its approximate line width was determined from the T2, ex- 
periments, and a half-width of 88 Hz was used in subsequent 
simulations. The less satisfactory fit at the 0’ edges (Figure 
I )  can be cxplained by magnetic orientation effects (Seelig 
et al., 1985), anisotropic T,, relaxation (Sternin, 1982), or 
instrumental factors. The relative contributions of these two 
mechanisms can only be estimated from a series of partially 
relaxed spectra (Meier et al., 1986, 1987) since it is only this 
latter mechanism that leads to a progressive “pseudo- 
dePaking”. However, the fitting error, defined as the squared 
deviation between the experimental and simulated spectra, was 
only slightly affected by these additional terms in the line-shape 
formula, and therefore no attempt was made to reduce the 
apparent mismatch because it would have introduced further 
line-shape parameters into the fitting program. 

Two-component exchange-averaged line shapes were cal- 
culated by solving the steady-state modified Bloch equations; 
motional effects other than those due to exchange were not 
treated explicitly and were represented by an effective line- 
width (isotropic) parameter. With the above spectral com- 
ponents, two further parameters need to be adjusted to obtain 
a g o d  fit: the relative intensity factors of the two components, 

and the exchange rate between the two motionally distinct 
environments, T ~ ; I .  A linear (nonexchanging, T,;] = 0 Hz) 
combination of these two Lorentzian line shapes gave rather 
poor fits to the experimental spectra, and even a gradually 
increasing line width for the protein-associated component 
brought obviously no significant improvements. The best- 
fitting line shapes shown in Figure 1 superimposed upon the 
respective experimental NMR spectra are all in good agree- 
ment for the various L /P  ratios and were calculated by as- 
suming an intermediate exchange of T,;~  = 15-125 Hz. As 
expected from the detailed balance of one-to-one exchange (cf. 
eq 4), the off-rates were independent of the L / P  ratio; ~ , ~ f l  

= 230 f 50 Hz (Table I ) .  
After exchange had been compensated for through spectral 

simulations, the fraction of the isotropic spectral component 
( 1  -J) was quantified and found to increase with decreasing 
L/P  ratio (Table I) .  From the linear quantitation of the ratio 
of both spectral components, f/( 1 -A, with the L /P  molar 
ratio, an estimate of the number of protein-associated lipids 
per protein monomer was made to give a value of 3-3.5 for 
the number of binding sites of lipids per protein in slow ex- 
change with the fluid lipid pool (Brotherus et al., 1981). All 
these fractions and the extrapolated number of binding sites 
were lower by -25% than the corresponding values of 4 re- 
ported for the same system by spin-label ESR spectroscopy 
(Wolfs et al., 1989). 

DISCUSSION 
Previous ESR experiments on DMPC/MI 3 coat protein 

complexes (Wolfs et al., 1989) have been performed to dem- 
onstrate lipid/protein interactions of the lipid molecule in the 
acyl chains with the protein. In the present study, interactions 
of M 13 coat protein with the lipid headgroup are investigated 
with the aim of obtaining information on the lipid/protein 
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interactions. In addition, if any molecular specificity occurs 
in the interaction, this is most probably where it would man- 
ifest itself (Watts, 1987, 1989). 

Two-component deuterium NMR spectra were obtained for 
DMPC-d9/MI 3 coat protein complexes. Since the vesicles 
formed were homogeneous in L/P  ratio and had diameters of 
0.4-1.0 pm (L /P  = 12:1), the intensity of the central com- 
ponent is suggested to arise from protein-associated lipid. 
Furthermore, the isotropic spectrum cannot be ascribed to 
residual HDO because it has relaxation times similar to those 
of lipids (rather than to HDO) in protein-free bilayers of 
DMPC. The collapse in the spherically averaged powder 2H 
NMR spectra suggests that the terminal methyl groups are 
disordered or have an altered conformation in the presence 
of M13 coat protein when compared with protein-free bilayers. 
In DMPC-dg/M 13 coat protein complexes, the exchange rate 
between bulk lipid and lipid at the protein interface is slower 
than 1.0 kHz. Further evidence in support of slow exchange 
was obtained by phosphorus-3 1 NMR of DMPC-d9/Ml 3 coat 
protein complexes, which also showed two-component NMR 
spectra (Figure 4). The exchange rate ( T ~ ; ’ )  of lipids between 
the M 13 coat protein complexes and the protein-free bilayer 
is therefore slower than the difference in CSA of phospholipids 
in the two environments, which would be -3.6 kHz (25 ppm) 
to give rise to two-component phosphorus-3 1 N M R  spectra 
from a single, homogeneous complex. 

More detailed information about the molecular exchange 
was obtained by spectral simulations of the deuterium NMR 
spectra shown in Figure 1. An off-rate for the lipid from the 
protein-associated environment of TOff1 = 0.23 kHz was es- 
timated from the simulation at all L /P  ratios studied. This 
exchange rate is much slower than the off-rate of 14-PCSL 
in DMPC/M 13 coat protein complexes determined by ESR 
spectroscopy ( T o f t 1  - 5.0 MHz) (Wolfs et al., 1989). The 
apparent discrepancy in the lipid exchange rates as determined 
by the two spectroscoipic techniques may be explained by 
considering three possible motional environments for the lipids 
in the protein-containing complexes. MI  3 coat protein has 
a predominantly P-sheet structure, thus giving the protein a 
tendency to aggregate very strongly (Datema et al., 1988b). 
One possible packing arrangement for aggregation which 
would maintain a constant number of lipid solvation sites per 
protein molecule (Figure 5) is for the M 13 coat protein to 
aggregate in one dimension only (“linear aggregates”). Lipid 
molecules can now be situated in one of three environments: 
(i) between the closely packed parallel aggregates (“trapped 
lipid”); (ii) at the outside of the lipid/protein complex 
(“boundary lipid”); (iii) in the bulk phase (“bulk lipid”). The 
first two lipid environments are closely associated with the 
protein but have different exchange rates with the bulk lipid. 
The lipids situated between closely packed parallel protein 
aggregates are trapped and therefore exchange rather slowly 
to the fluid lipid pool ( T o f t 1  = 0.23 kHz from present simu- 
lations). On the other hand, lipids situated at the boundary 
of the lipid/protein aggregate exchange more rapidly to the 
fluid lipid pool ( T ~ ~ F ~  - MHz). In spin-label ESR spec- 
troscopy, anisotropy averaging of the electron-nitrogen- 14 
hyperfine interactions is sensitive to motions on the order of 
T ,  - 10-9-10-8 s. Thus, both types of the protein-associated 
lipid (trapped and boundary) will give rise to a similar ESR 
spectral component, indicative of restricted motion of the 
spin-label without discrimination between either type of 
motional restriction. However, in deuterium N M R  spec- 
troscopy, the quadrupole splitting anisotropy averaging is 
sensitive to much slower motions, T~ - s, and only trapped 
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lipid molecules with exchange rates ( T ~ ; '  < kHz) will con- 
tribute to the central spectral component. The boundary lipid 
molecules exchange too rapidly with the bulk lipid on the 
deuterium NMR time scale to contribute to the central spectral 
component and consequently will give rise to an averaged bulk 
lipid spectrum, with possibly a slightly decreased quadrupole 
splitting in comparison with protein free bilayers, as observed 
in other systems (Watts, 1987). Therefore, the x-axis intercept 
of 3-3.5 lipids per protein monomer u/( 1 -f) vs L /P  ratio] 
represents the average number of trapped lipids per protein 
molecule rather than the total (trapped and boundary) number 
of 4 lipids associated per MI 3 coat protein monomer as de- 
termined by ESR spectroscopy (Wolfs et al., 1989). The y-axis 
intercept, reflecting the average binding constant, is -1 because 
the probe and host lipid are the same lipid molecules 
(Brotherus et al., 1981). I n  this discussion, no assumptions 
are made about how many M13 monomers are associated to 
form a protein unit capable of aggregating linearly, nor is it 
clear whether the aggregates are straight or simple parallel 
aggregates. 

Two-component deuterium N M R  spectra were also ob- 
served in the case of DMPC/M13 coat protein complexes, 
probed with chain-deuterated palmitic acid (Datema et al., 
1988a). The trapped palmitic acid may have contributed to 
the isotropic central component. The quadrupole splittings 
for these labeled lipids were much larger, and therefore, the 
line broadening due to chemical exchange would have been 
small. It should be noted that such slowly exchanging pro- 
tein-associated lipid phases are not present in every lipid/ 
protein system studied so far and that the aggregated M13 
coat protein may represent rather an exception than a rule. 

Elongated structures of fd coat protein in aqueous solution 
have been observed by electron microscopy (Cavalieri et al., 
1976). Also, the cardiolipin synthesis by an M13-infected E .  
coli cell is increased (Chamberlain et al., 1976), and it is 
possible that M I3 coat protein selectively decreases the car- 
diolipin content of the cell membrane by trapping it between 
the MI 3 coat protein aggregates during storage. The high 
affinity of MI 3 coat protein for cardiolipin has been demon- 
strated in earlier ESR studies (Datema et al., 1987b). The 
high local protein concentration in lipid bilayers and the linear 
format of the MI 3 protein aggregates may be important for 
the rapid assembly of phage particles before bacteriophage 
extrusion. 
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ABSTRACT: Membrane preparations of two species of the green sulfur bacteria Chlorobium have been studied 
by EPR. Three signals were detected which were attributed to ironsulfur centers acting as electron acceptors 
in the photosynthetic reaction center. (1) A signal from a center designated FB, (g, = 2.07, g = 1.91, g, 
= 1.86) was photoinduced at 4 K. (2) A similar signal, FA (g, = 2.05, gy = 1.94, g, = 1.88), was photoinduced 
in addition to the FB signal upon a short period of illumination at  200 K. (3) Further illumination at  200 
K resulted in the appearance of a broad feature a t  g = 1.78. This is attributed to the g, component of an 
iron-sulfur center designated Fx. The designations of these signals as FB, FA,  and Fx are  based on their 
spectroscopic similarities to signals in photosystem I (PS I). The orientation dependence of these EPR signals 
in ordered Chlorobium membrane multilayers is remarkably similar to that of their PS I homologues. A 
magnetic interaction between the reduced forms of FB and F A  occurs, which is also very similar to that seen 
in PS I. However, in contrast to the situation in PS I, F A  and FB cannot be chemically reduced by sodium 
dithionite at  pH 1 1. This indicates redox potentials for F A  and FB which are lower by at  least 150 mV than 
their P S  I counterparts. The triplet state of PS4,,, the primary electron donor, could be photoinduced a t  
4 K in samples which had been preincubated with sodium dithionite and methyl viologen and then preil- 
luminated at  200 K. The preillumination reduces the iron-sulfur centers while the preincubation is thought 
to result in the inactivation of an earlier electron acceptor, possibly the double reduction of a quinone which 
could occur at  potentials higher than those associated with its functional one-electron couple. Orientation 
studies of the triplet signal in ordered multilayers indicate that the bacteriochlorophylls which act as the 
primary electron donor in Chlorobium are  arranged with a structural geometry almost identical with that 
of the special pair in purple bacteria. The Chlorobium reaction center appears to be similar in some respects 
to both PS I and to the purple bacterial reaction center. This is discussed with regard to the evolution of 
the different types of reaction centers from a common ancestor. This has significance to the current 
understanding of the structure of the PS I reaction center. 

G r e e n  photosynthetic bacteria (Chlorobiaceae and Chlo- 
roflexaceae) are morphologically quite distinct from other 
photosynthetic bacteria. They contain mainly bacterio- 
chlorophyll (BChl)' a and c and have a unique antenna system 
called the chlorosome. Recent work, however, has demon- 
strated that this morphological classification is somewhat 
misleading. On the basis of 16 S-RNA sequences, it can be 
concluded that the green non-sulfur bacteria (Chloroflexaceae) 

are actually not very closely related to the green sulfur bacteria 
(Chlorobiaceae) (Woese, 1987). 

The reaction center of Chiorofexus aurantiacus has been 
shown to possess pronounced similarities to the photosynthetic 
reaction center of purple bacteria (Shuvalov et al., 1986; 
Shiozawa et al., 1987; Blankenship et al., 1988; Ovchinnikov 
et al., 1988a,b). The structure of the purple bacterial reaction 
center which has been determined by X-ray crystallography 
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' Abbreviations: RC, reaction center complex; BChl, bacteria- 
chlorophyll; FeS center, ironsulfur center; PsMr primary electron donor 
bacteriochlorophyll(s) of green sulfur bacteria; P,OO. primary electron 
donor chlorophyll(s) of PS I; PS I, photosystem I; ZFS, zero-field 
splitting parameters of the spin-polarized spectrum of the triplet state of 
the primary donor. 
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